Abstract: In connection with the development of a practical synthesis of the right half, and its analog E7389, of halichondrin B, an efficient and scalable synthesis of the two major building blocks is reported. In addition, a new synthesis of the C20-C26 segment via a regiospecific and stereoselective S N 2′ process is presented. A sulfonamide class of ligands is shown to be effective for asymmetric Ni/Cr-mediated reactions under both stoichiometric and catalytic conditions, and the X-ray structure reveals this class of ligands to be tridentate. On the basis of three X-ray structures, a possible mechanism is suggested for this process. Stable and crystalline Cr(III)/sulfonamide complexes are shown to be effective for catalytic Cr-mediated coupling reactions of allyl, alkenyl, and alkyl halides with aldehydes, and some examples for application of the stoichiometric and catalytic asymmetric processes are presented.
INTRODUCTION
Halichondrins are the polyether macrolides, originally isolated from the marine sponge Halichondria okadai by Hirata and Uemura, which have received much attention due to their intriguing structural architecture and extraordinary in vitro and in vivo antitumor activity [1, 2] . With the primary interest being focused on the demonstration of the unique potential the Ni/Cr-mediated coupling reaction offers [3,4], we were engaged with the synthetic work on this class of natural products. A total synthesis of halichondrin B (1) was accomplished through an extensive use of this coupling reaction [5, 6] .
When the first total synthesis of halichondrin B was completed, we asked Dr. Bruce Littlefield at Eisai Research Institute (ERI) to test the in vitro and in vivo antitumor activities of the synthetic halichondrins as well as several synthetic intermediates. Littlefield's experiments demonstrated that the right half 2 of the halichondrins exhibits the in vitro biological profile virtually identical to that of halichondrin B itself. Disappointingly, 2 did not show the in vivo antitumor efficacy as halichondrin B did. Fortunately, however, the nor-gluco right half (i.e., the substrate bearing a HOCH 2 , instead of HOCH 2 CH 2 , at C36 and α-OH, instead of β-OH, at C35 in 2) exhibited extraordinarily potent antitumor activities in both in vitro and in vivo experiments that were comparable to those of halichondrin B [5m,7] . Based on this exciting discovery, ERI undertook the massive drug discovery efforts, through which two exceptional drug candidates 3 and 4 have emerged [7] . The National Cancer Institute (NCI) has recently begun a Phase I study on 3.
We undertook the halichondrin project for pure academic interests. However, it has become clearer than ever to us that development of an economically feasible synthesis of the right half of hali-First, the triacetate 12 behaved exceptionally well toward CH 2 =CHCH[Si(Me) 3 ]-CH 2 CO 2 Me; only 1.6 equiv of the allylsilane were sufficient to complete the C-allylation in the presence of BF 3 ؒEt 2 O (3 equiv) and trimethylsilyl triflate (TMSOTf) (0.25 equiv) in MeCN at 0 °C, with >50:1 stereoselectivity. As observed previously, the C-glycosidation product existed as a mixture (ca. 4:1 in CDCl 3 ) of the two conformers. Second, the crude C-allylation product was treated with Triton-B(OMe) in THF at 0 °C, which effected a series of transformations, including deacetylation, double-bond isomerization, oxy-Michael cyclization, and thermodynamically controlled C3 equilibration, to furnish 10 in 86 % overall yield for the two steps, with >50:1 stereoselectivity. Third, the Ni/Cr-mediated coupling allowed us to introduce the E-TMS-CH=CH-group with >15:1 stereoselectivity, cf., 11. Fourth, the vinyl TMS group was then converted into the vinyl iodide in a mixture of ClCH 2 CN/MeCN without disturbing the C11 stereocenter.
PRACTICAL SYNTHESIS OF THE C27-C35 SEGMENT OF ER-076349 AND ER-086526
The halichondrin right half 2 and ER-086526 3/ER-076349 4 have the same structure at the C1-C27 portion but differ at C28 and beyond. Having had an effective synthesis of the C27-C38 segment of 2 [5c], we focused on development of a practical synthesis of the C27-C35 segment of 3 and 4.
D-(+)-Glucurono-6,3-lactone contains several appealing structural features as a possible starting material for a synthesis of the C27-C35 segment 18 of ER-086526 3 and ER-076349 4. With small modifications of the literature-known procedures, D-glucurono-6,3-lactone was converted to 1,2-O-isopropylidene-α-D-5-deoxyglucurono-6,3-lactone (13) in excellent overall yields [12] . DIBAL reduction of 13, followed by Wittig reaction and then O-benzylation [13] , uneventfully provided the olefin 14.
It was planned to introduce the C34/C35-diol via catalytic, asymmetric dihydroxylation [14] . Asymmetric dihydroxylation of terminal olefins such as the one present in 14 is known to suffer often from a low degree of asymmetric induction, but we hoped that a structural modification of the olefinic group in 14 would improve the selectivity. Asymmetric dihydroxylation of 14 was screened in the presence of various ligands known in the literature; among them, the Sharpless (DHQ) 2 PYR gave the best ratio (3:1 at 0 °C) [15] . As anticipated, replacement of the terminal olefin for an E-TMS-CH=CH-resulted in the much improved asymmetric induction (stereoselectivity = 16:1) in the presence of (DHQ) 2 PYR. However, because of the low overall efficiency in the synthesis of this substrate, we did not pursue this synthetic route further.
Ultimately, a practical solution emerged from the following experiments. After dibenzoylation, the crude dihydroxylation product was subjected to C-allylation with allyl-TMS. This transformation deserves three specific comments. First, the current C-allylation is closely related to the example reported in the literature [16] . Under the specified conditions, the α-and β-selectivity of the C-allylation was estimated to be at least 65:1. Second, the α-C-allylated product 15 derived from the major, desired product formed in the dihydroxylation exhibited an excellent crystallinity, whereas the α-C-allylated product derived from the minor, undesired product formed in the dihydroxylation stayed as oil. This remarkable difference in chemical property immediately suggested the possibility of isolating 15 without separation at the dihydroxylation stage. Indeed, the crude product obtained in the dihydroxylation and C-allylation was directly subjected to crystallization to give the first crop of product, with at least 20:1 ratio at the C34 stereocenter, in 58 % overall yield from 14. The mother liquor consisted primarily of a ca. 1:2 mixture of 15 and its C34 diastereomer, demonstrating the practicability of this procedure. Recrystallization of the first crop furnished 15 (>700:1 ratio) in 51 % overall yield from 14.
Swern oxidation of 15, followed by Horner-Emmons reaction with PhSO 2 CH 2 P(O)(OEt) 2 [17] , furnished a 4:1 mixture of the geometric isomers of α,β-unsaturated sulfones. There are two potentially enolizable sites in the ketone and α,β-unsaturated sulfone, but there was no epimerized product detected in this transformation [13] . We planned to incorporate the C30 stereocenter via hydride reduction under the influence of a hydroxyl group(s) [18] . Although a hydroxyl group(s) at C27, C34, or C35 could serve as a directing group, none of them was found to be effective for achieving the desired reduction. Thus, it was necessary to rely on the C31 hydroxyl group and, for this reason, this hydroxyl group had temporarily been protected as a benzyl group. Screening Lewis acids, FeCl 3 was found to be effective in selectively deprotecting the benzyl group to form 16. At the early phase of study, this transformation presented a problem in reproducibility and scale-up. After considerable experimentation, addition of molecular sieves (AW-300) was found to solve this problem. Interestingly, although the starting material was a ca. 4:1 mixture of E:Z isomers, the isolated product was the pure E isomer. Using stereochemically homogeneous samples, the Z isomer was shown not to survive under the deprotection condition.
Hydroxyl-directed reduction of 16 exclusively furnished 17. The NaBH(OAc) 3 -reduction did not proceed with the substrate bearing a MeO group at C31, whereas LiAlH 4 -or LiBH 4 -reduction of this substrate smoothly proceeded but yielded the C30 α-isomer. These results supported the view of hydroxyl-directed hydride reduction, thereby suggesting the newly introduced C31 stereochemistry to be the desired β-configuration. This assignment was further confirmed through nuclear Overhauser effect (NOE) experiments.
Methylation of the C31 hydroxyl group was attempted with methyl iodide in the presence of silver oxide at room temperature (RT). The reaction stopped at 50~70 % completion under these conditions, but it was found that, on addition of molecular sieves (4Å), the methylation smoothly proceeded to completion to furnish the methyl ether 18 in an excellent overall yield. For practical purposes, we routinely carried out the synthesis from 15 to 18 without purification of the intermediates, and the product was isolated by reprecipitation of the primary alcohol corresponding to 18 from methylene chloride/hexanes at -78 °C. In this manner, the C27-C35 segment 18 of ER-086526 3/ER-076349 4 was obtained without chromatographic purification in 28 % overall yield from 15.
© 2003 IUPAC, Pure and Applied Chemistry 75, 1-17
Synthetic studies on the marine natural product halichondrins 5 
SYNTHESIS OF THE C20-C26 SEGMENT VIA REGIOSPECIFIC AND STEREO-SELECTIVE S N 2′ REACTION
In earlier work [5b], we demonstrated that the C26-C27 bond of the halichondrins can effectively be formed via Ni/Cr-mediated coupling, cf., 18 + 39 → 40 (Scheme 9). Obviously, for effective use of this transformation, an efficient synthesis of alkenyl halides (or triflates) such as 39 is required. For the synthesis of such an alkenyl halide, at least two issues should be addressed; one is a method to incorporate the alkenyl halide functionality itself and the other is a method to selectively incorporate the two stereocenters at C23 and C25. We recognized the possibility that the transformation of I → II might give a solution to both issues (Scheme 3). The preferred conformation of an allylic system is known to be eclipsed [19] . Among the three eclipsed conformers, A and B are expected to be preferred over C for the steric reason (Fig. 1) . Assuming that this conformational preference is reflected in the transition state and also that the hydroxyl group directs the delivery of a "Me"-anion, one would expect that the proposed reaction preferentially proceeds through the transition state resembling A, to furnish the desired vinyl iodide in a stereo-and regioselective manner. Relevant to the proposed delivery of a "Me"-anion by a hydroxy group, Gallina [20] demonstrated that N-phenylcarbamate group is an effective directing group in a cuprate-mediated S N 2′ reaction, whereas Nakamura [21] showed that the stereochemical outcomes of cuprate-mediated S N 2′ reactions of δ-alkoxy allylic chlorides are explained by simple steric effects. To the best of our knowledge, there is no study reported in which a hydroxyl group serves as a directing group in an organocuprate-mediated addition in an acyclic system [22] . Also, there is no study reported on the stereochemical course of an organocuprate-mediated S N 2′ reaction for an acyclic homoallylic alcohol or its derivatives [22] . It should also be noted that an impressive level of regio-and enantioselectivity has been realized in chiral auxiliary-based, asymmetric S N 2′ reactions in recent years [23] , and these reactions could be applied selectively to transform I (X = a leaving group bearing a chiral auxiliary) into II, but we opted to study the hydroxyl-directed S N 2′ substitution because of the simplicity of the synthetic operations as well as the cost considerations.
Treatment of the mono-tosylate (i.e., X = Ts in 19 [24] ) with lithium dimethyl cuprate in THF furnished a 2.7:1:1 mixture of the desired product 20, the undesired C25 stereoisomer 21, and the undesired regioisomer 22. Encouraged with this result, we screened "Me"-anions, solvents, and leaving groups. Among cuprates tested, lithium dimethylcuprate gave the best result. The regio-and stereoselectivity were dramatically affected by solvents; most notably, formation of the undesired regioisomer was completely eliminated in 1,2-dimethoxyethane (DME), with an increase in the stereoselectivity as well. The best results (20:21:22 = 6.5:1:0) were obtained with a trisyl leaving group in DME. Related to the proposed hydroxyl-directed S N 2′ reaction, it is worthwhile adding two observations. First, with protection of the C23 hydroxyl group, the stereoselectivity observed in the S N 2′ displacement is completely abolished. Second, it would be interesting to compare the directing capacity of the hydroxyl group with that of the N-phenylcarbamate for the S N 2′ substitution. However, in spite of extensive efforts, we were unable to cleanly prepare the corresponding C23 N-phenylcarbamate.
STOICHIOMETRIC, ASYMMETRIC Ni/Cr-MEDIATED COUPLING REACTIONS
As demonstrated in a number of examples, the Ni/Cr-mediated coupling reaction has shown its unique potential most, when applied to a polyfunctional molecule [3, 4] . Thus, this reaction shows its power at a late stage in a multistep synthesis where scalability and practicability are not necessarily the top priority. However, in order to use the Ni/Cr-mediated coupling reaction for practical purposes, one must pay attention to two specific issues. First, since this coupling reaction is typically carried out in the presence of 3~4 equiv of CrCl 2 , it is highly desirable to develop a method to reduce the amount of Cr salt. Second, it is also desirable to develop an asymmetric process to control the stereochemical course. This analysis immediately calls for development of a catalytic, asymmetric Ni/Cr-mediated coupling reaction [25] . In this connection, we would like to quote the example previously studied in this laboratory: the C29/C30 bond of halichondrins was asymmetrically formed in the presence of chiral dipyridyl ligand 26 [5h] .
Related to the current project, we were specifically interested in development of a catalytic, asymmetric Ni/Cr-mediated coupling that would allow us to achieve the overall transformation depicted in Scheme 6. Obviously, such a transformation can be applied to a synthesis of the C17-C20 and C23-C27 ring systems, and we chose to use the model substrates of 27 and 28 for this study. Disappointingly, the
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Scheme 4
Scheme 5 chiral dipyridyl ligand 26 was found not to induce an enantiometric excess for this system. Among numerous chiral ligands tested, the Kibayashi ligand 30 [25a] gave a modest but definitive asymmetric induction. With consideration of the pKa similarity between phenolic and sulfonamido groups, the Fujisawa ligand 31 [26] was then tested, which gave a slightly improved asymmetric induction. We soon recognized that replacement of the ortho-hydrogen for a methyl group results in a major impact on the asymmetric induction, cf. 32. Being encouraged by this preliminary observation, we then made extensive efforts on optimization of 32, through which several promising ligands have emerged, including 34, 35, and 36 [27] .
Curiously, the major enantiomer formed in the presence of the sulfonamide ligand 32 was found to be opposite to that formed in the presence of the phenol ligand 30 as well as the C 2 -symmetric semicorrin ligand 33 [28, 29] . These observations led us to a speculation that the coordination mode of a sulfonamide ligand is different from that of a phenol or semicorrin ligand. A single crystal of the Cr(III)-ligand complex 37 was obtained, and its X-ray analysis ultimately demonstrated that the sulfonamide 32 is a tridentate ligand [30] . In addition, the X-ray structure revealed several unique structural features, including: (1) 37 possesses an almost perfect octahedral structure, (2) the isopropyl group is cis to the sulfonamide chain, (3) one of the sulfonamide oxygens is located above the phenyl ring, and (4) the sulfonamide nitrogen is trans to one of the chlorides. Naturally, we attempted to prepare a single crystal of an alkenyl-Cr(III)-ligand complex but without much success. However, a single crystal of methyl-Cr(III)-ligand complex 38 was obtained, whose structure is amazingly similar to that of the Cr(III)-ligand complex 37 (Fig. 2) [30] .
These Cr(III)-ligand complexes do not necessarily correspond to the organometallic species actually involved in this chemical transformation. Nonetheless, it is tempting to use the X-ray structures to speculate about possible events (Fig. 3) . At present, it is not established whether the bond-forming step
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Synthetic studies on the marine natural product halichondrins 9 involves a mono-or bimetallic species. However, we assume a four-centered process involving one vinylchromium species [31] . We further assume: (1) the alkyl-Cr(III)-ligand 38 represents the alkenylCr(III)-ligand complex that participates in the bond-forming process, (2) an aldehyde takes over the THF-ligation site of 38, and (3) the aldehyde coordinates to the metal center with an s-trans conformation [32] [33] [34] and, with progress of the reaction, the aldehyde rotates toward the alkenyl group, cf., an arrow. With these assumptions, only two coordination modes A and B between 27 and 37 need to be considered. Interestingly, the top-right quarter in the complex 37 is sterically more congested than the bottom-right quarter, and the 27/37 complex A, which leads to the observed major enantiomer, is considered to be favored over the 27/37 complex B.
We assume that the bond-forming events in the presence of the semicorrin ligand 33 are parallel to those in the presence of the sulfonamide ligand, including the alkenyl group occupying the axial ligation site. Because of the C 2 -symmetric nature, the alkenyl-Cr(III)-semicorrin complexes C and D are identical (Fig. 3) . However, with progress of the reaction, the aldehyde needs to rotate toward the alkenyl group, resulting in desymmetrization of the two complexes; namely, this operation leads to the two transition states in which the i-propyl group in the ligand is either trans or cis to the R 2 group in the aldehyde moiety. For this steric reason, the latter transition state, which leads to the observed major enantiomer, is considered to be favored over the former.
The explanations given are consistent with the currently available experimental observations. However, with no direct experimental support, it should be considered as a working hypothesis. Nevertheless, it should serve us in designing and developing the next generation of chiral ligands for the Cr-mediated reactions.
Having had some success in development of asymmetric Ni/Cr-mediated coupling under the stoichiometric conditions, we then used the C14-C38 segment of halichondrins as well as the C14-C35 segment of ER-086526 3 and ER-076349 4 for demonstration of its usefulness. The example shown in Scheme 9 is a representative.
CATALYTIC, ASYMMETRIC Cr(II)-MEDIATED REACTIONS
For a practical application, it is highly desirable to develop a catalytic process for the Ni/Cr-mediated reactions. In 1996, Fürstner and Shi reported seminal work on a catalytic process of the Ni/Cr-mediated coupling reaction, in which TMS-Cl and Mn(0) are used as a dissociating agent of chromium-alkoxides and a reducing agent of chromium, respectively [35] . Electrochemically driven Cr(II)-mediated couplings were also reported [36] .
We were curious to know whether the crystalline Cr(III)/sulfonamide ligand complex 37 works as a catalyst for the Ni/Cr-mediated coupling. Under the Fürstner conditions in THF at RT, instead of DME/dimethylformamide (DMF) at 50 °C, the Ni/Cr-mediated coupling of 27 with 28 was found to proceed smoothly in the presence of 37 (10 mol %) and NiCl 2 (10 mol %), to give the expected product in an excellent chemical yield with encouraging enantiomeric excess. With the same substrates in the presence of a catalyst 37 or 41, optimization studies were conducted, revealing: (1) both 37 and 41 function are effective catalysts, (2) TMS-Cl is the best agent to dissociate chromium-alkoxides, (3) Mn(0) is the most effective reducing agent, (4) the addition of (Bn)(n-Bu) 3 NCl or Et 3 NؒHCl enhances the coupling efficiency, (5) the addition of LiCl enhances the coupling rate, (6) EtCN and THF are good solvents [37] , (7) 10 mol % of 37 and 41 is sufficient to complete the coupling within 24 h at RT, (8) the optimal temperature is around RT but the reaction proceeds at 0 °C, and (9) the optimal range of concentration is 0.5~0.1 M.
The enantiomeric excess observed for the catalytic process in THF was found to be lower than that in the stoichiometric process. With the progress of coupling, a Lewis acid MnX 2 is formed that might have an effect of lowering the enantiomeric excess. However, the addition of MnCl 2 did not appreciably affect the enantiomeric excess. In addition, a rough time-course study indicated no noticeable change in the enantiomeric excess throughout the coupling reaction. Ultimately, the catalytic reaction in EtCN was found to proceed as efficiently as in THF and give the product in almost quantitative yield. Importantly, the enantiomeric excess obtained in the catalytic process in EtCN was found to be roughly comparable with that obtained in the stoichiometric process (Scheme 10) [37] .
All these results indicate that the asymmetric reaction developed in the stoichiometric process is translated well into the catalytic, asymmetric process, and we speculate that the critical bond-forming steps involved in the catalytic process are the same as those proposed for the stoichiometric process (Panel A in Fig. 4) . Taking into account the relative rate of ligand exchange on Cr(II)-vs. Cr(III)-species [4], we assume that the transmetalation takes place at the Cr(II)-oxidation state, which is formed through chemical reduction of 37 by Mn(0). The structural information on the proposed Cr(II)/sulfonamide ligand complex is not available at this time, but an X-ray structure was obtained on Cr(II)(4-tertbutylpyridine) 3 (Cl) 2 (42) (Fig. 5 ). This Cr(II) complex 42 possesses an unusual square-pyramidal geometry [38] . Interestingly, this structure can be viewed as an octahedral structure with one vacant ligation site. It is tempting to suggest that the proposed Cr(II)/sulfonamide ligand complex adopts a similar structure and that the vacant ligation site is involved in the transmetalation with the alkenyl-Ni(II) complex. The Cr(III)/ligand complex thus formed then proceeds through the steps suggested for the stoichiometric series, to furnish Cr(III)/ligand alkoxide. As suggested by Fürstner [35] , TMS-Cl dissociates the Cr-alkoxide to give the TMS ether of 29 and regenerate the ligand-Cr(III) complex 37. All the chemistry takes place only at the two ligation sites of 37.
In addition, this process contains a catalytic cycle centered on the Ni salt, which is coupled with the Cr catalytic cycle and hence with the Mn-redox cycle (Panel B in Fig. 4) . Lastly, the effect of LiCl on the overall reaction rate may be attributed to formation of the Ni-ate complex from the alkenyl-Ni(II) complex, enhancing the rate of transmetalation. Overall, the catalytic Ni/Cr-mediated coupling reaction relies on the two catalytic cycles. Therefore, in order to achieve this bond-forming process economically in the terms of the Cr(III)/sulfonamide ligand complex 37, it is important to realize an efficient catalytic cycle not only for Cr salt but also for Ni salt. It appeared that the efficiency for the Cr catalytic cycle is sufficiently good but that of the Ni catalytic cycle, especially in EtCN, needs an improvement. In practice, the catalytic reaction in the presence of 10 mol % of 37 with either 20~40 mol % of NiCl 2 or 4~6 mol % Ni(COD) 2 gave a significantly improved reproducibility [39] . Considering the fact that the stoichiometric coupling is routinely performed in the presence of 3~4 equiv of CrCl 2 , the current catalytic process represents a reduction of Cr use by a factor of 30~40.
We would like to point out the possibility that the Cr(III)/sulfonamide complexes 37 and 41 can be potentially applied to any chemistry associated with a Cr species, and we are currently studying the scope that these complexes may offer. Somewhat related to this issue, it should be noted that the Cr-mediated coupling reactions are grouped into three subgroups (Scheme 11); allyl halides are activated by Cr(II)-species alone [40] , whereas alkenyl halides and alkyl halides are activated through Ni(0)-and Co(I)-species, respectively [3, 41] . Gratifyingly, the ligand-Cr(III) complex shows good applicability for all the three subgroups of Cr-mediated coupling reactions, which certainly expands the scope of Cr-mediated reactions.
The synthesis of the C14-C26 segment of halichondrins illustrates this point further (Scheme 12). The first bond formation was achieved via a catalytic, asymmetric Ni/Cr-mediated coupling reaction; in the presence of 10 mol % of the antipode of 37 with either 40 mol % of NiCl 2 or 5 mol % of Ni(COD) 2 , the coupling of 43 with 44 furnished the desired product. Treatment of the crude coupled product with PPTS/Py/i-PrOH not only removed the resultant C20 TMS-silyl ether but also effected the cyclization [42] . After debenzoylation, the stereochemically homogeneous 45 was isolated by silica gel chromatography in 70~80 % overall yield from 44 with ca. 9:1 overall stereoselectivity.
A catalytic, asymmetric Co/Cr-mediated coupling reaction was used for the C23-C24 bond formation. Takai and Uchimoto showed that alkyl halides and tosylates are coupled with aldehydes in the presence of CrCl 2 and a catalytic amount of vitamin B 12 or cobalt phthalocyanine [41] . Using a model system, we have first established that 37 acts as a catalyst for the Co/Cr-mediated coupling reaction and then applied this process to the diiodide 46, to furnish the desired product 47 in 73 % yield, with a 5.3:1 stereoselectivity. The structure of 47 was established on comparison with the sample available from the previous synthesis [5b].
